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irborne lidar imaging of salmon

ames H. Churnside and James J. Wilson

Lidar images of adult salmon are presented. The lidar system is built around a pulsed green laser and
a gated intensified CCD camera. The camera gating is timed to collect light scattered from the turbid
water below the fish to produce shadows in the images. Image processing increases the estimated
contrast-to-noise ratio from 3.4 in the original image to 16.4 by means of a matched filter. © 2004
Optical Society of America
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. Introduction

rom an aircraft it is generally difficult to see objects
nder the sea surface. Generally most of the light
hat reaches the eye is diffuse sunlight reflected from
he sea surface or direct sunlight diffusely reflected
rom particles in the water. This is assuming that
ne is not looking directly onto a region of the surface
here there is direct reflection of the sun and where

he situation is much worse. In addition, surface
aves can severely distort an image, making it more
ifficult to identify.
There have been several attempts to use laser il-

umination to reduce the effects of interference from
he Sun. In one approach the laser is used in con-
unction with an intensified charge coupled device
ICCD� imager that is gated so that it is on for a short
ime while the light of a short laser pulse is returning
rom some predetermined distance. This type of
ystem has been used for both underwater1,2 and air-
orne3,4 imaging.
Another approach uses a streak camera to map the

ime of the laser pulse return onto one axis of an
maging array and the position perpendicular to the
ight track onto the other axis.5,6 Thus each image

rom the array is a vertical slice through the water,
nd successive images along the flight track build up

full volume image, rather than a simple two-
imensional image. Another way to obtain three-
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imensional information is to scan an area with a
idar system that provides return as a function of
istance. The three-dimensional approaches tend to
e more expensive to implement, both in terms of the
nitial cost and in terms of the efficiency with which
he laser energy is used.

One of the primary applications for airborne imag-
ng of underwater objects is the detection of mines;
owever, attempts have also been made to use both
CCD7 and streak-camera8 imaging systems for the
etection of tuna. It would appear that this same
echnology could be used effectively to perform aerial
urveys of adult salmon as they return to their natal
tream and even as they make their way upstream.
his information would be very valuable to resource
anagers as they set harvest limits for each salmon

un. Our decision to use the simpler ICCD ap-
roach, which operates in the obscuration or shadow
ode, is based largely on cost and the results of var-

ous simulations.9–12 In this mode the laser illumi-
ation is timed so that the light is returning from
elow the objects of interest, which appear as shad-
ws of the objects on the images of the light scattered
rom particles in the water below.

Tests were conducted on adult pink salmon �On-
orhynchus gorbuscha� near a hatchery on Afognak
sland, Alaska. This is the smallest type of Pacific
almon, with an average adult length of 50–60 cm.
t is also a commercially important species. From
983 to 1992, an average of 77.4 million fish were
aught each year in Alaska.13

. Lidar System

schematic diagram of the lidar system is presented
n Fig. 1. The laser is a frequency-doubled,
-switched Nd:YAG. It produces approximately
00 mJ of 532-nm light in a 12-ns pulse at a repetition
ate of 30 Hz. The laser is polarized linearly, and
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he beam is diverged by use of a lens in front of the
aser. The divergence is chosen so that the irradi-
nce at the sea surface satisfies the U.S. safety stan-
ard for exposure to laser light in the workplace.14

his irradiance level is also safe for marine mam-
als.15 A pair of steering mirrors between the laser

nd the diverging lens is used to align the transmitter
ith the receiver. A silicon photodiode is pointed at

ig. 1. Schematic diagram of the lidar system with the profiling
eceiver on the left, the transmitter in the center, and the imaging
eceiver on the right. The outgoing laser beam path is in gray.

ig. 2. Typical lidar image of a group of salmon. The fish labele
sed in the CNR calculations.
he output of the laser, but outside the beam. There
s enough light scattered off the optics that the out-
oing laser pulse can be clearly seen at the output of
he detector. This pulse is used as the trigger for a
rogrammable time-delay generator.
The telescope shown on the left of the schematic is
15-cm refractor with a polarizing filter. The filter

asses only that component of the reflected light for
hich the linear polarization is orthogonal to the
olarization of the laser. The cross-polarized com-
onent was used because it produces the best con-
rast between fish and smaller scatterers in the
ater. This was determined during ship tests of the

idar, where the depolarization of the return from the
sh was �30% and that from the water was only
10%.16 These results, however, represent only one

pecies of fish �sardine� and one region of the ocean
Southern California Bight�. Our experiences sug-
est that the advantage of the cross-polarized com-
onent is fairly general,17 but more quantitative
easurements are needed to verify this.
The light collected by the telescope is passed

hrough an interference filter to reject background
ight. The background light is also reduced by an
perture at the focus of the primary lens that
atches the field of view of the telescope with the

ivergence of the transmitted laser beam. The re-
ulting light is incident on a photomultiplier tube

is used as the basis for the matched filter; the fish labeled �b� is
d �a�
20 February 2004 � Vol. 43, No. 6 � APPLIED OPTICS 1417
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PMT�, which converts the light signal into an elec-
rical current. A 50-� load resistor converts the cur-
ent signal to a voltage, which is transformed with a
ogarithmic amplifier and digitized at 1 GHz with 8
its of resolution �256 levels�. This sample rate cor-
esponds to a resolution of 0.11 m in depth. The

Fig. 3. Example of salmo

ig. 4. Depth distribution of returns from the bay in which most o
eturn from left to right. High returns near the surface are salm
418 APPLIED OPTICS � Vol. 43, No. 6 � 20 February 2004
mplifier has an input voltage range from �0.2 mV to
2 V that produces an output voltage range of ap-
roximately �0.024 to �0.524 V, which implies
out � �0.125 log��Vin� � 0.486. Because the out-
ut voltage range is well within the range of an 8-bit
igitizer, the logarithmic amplifier increases the

ages with surface glints.

salmon were found. The color bar represents increasing relative
nd the higher return below that is the bottom of the bay.
f the
on, a
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ian fi
aximum possible dynamic range from 256 to �104.
aken together with these components the receiver
rovides a depth profile of the lidar return from the
sh in the water.
The signal from the profiling lidar is also used to

alculate the time delay between the transmitted la-
er pulse and the return from the sea surface. The
perator selects a desired depth of operation. The
omputer adds the round-trip travel time from the
urface to that depth and the time delay of the sur-
ace return and programs the time-delay generator
or that delay. This technique allows for imaging at

constant depth despite variations in aircraft alti-
ude. The time delay is updated approximately
ight times per second. Note that the reflection
rom the air–water interface preserves polarization
nd is not detected by our profiling receiver. The
ea-surface return used for timing is actually the
eturn from the particles just below the surface.

In addition to the log-transformed voltage signal,
he computer records the aircraft position from the
lobal Positioning System �GPS�, the GPS time, the
oltage applied to the PMT, and the attitude of the
ircraft as measured by tilt sensors and laser gyro-
copes on the optical package. The PMT-applied
oltage is used to calculate the gain of the tube, which
s necessary for calibration. The computer also dis-
lays the data from the profiling lidar in real time
uring the flight.

Fig. 5. Image shown in Fig. 2 after med
The other receiver is the gated ICCD camera. The
amera is equipped with a zoom lens with a focal
ength range of 100–500 mm. For this work it was
et at 500 mm, which produced a field of view of
pproximately 25 mrad � 19 mrad. To reduce the
mount of background light, a 10-nm-wide interfer-
nce filter was mounted on the front of the lens. The
ntensifier is a second-generation microchannel plate
ith a P20 phosphor. The camera’s minimum gate
idth of �25 ns was generally used. The CCD ele-
ent has a usable array of 756 � 485 pixels and

roduces an analog video signal that is recorded dig-
tally by a mini digital video data recorder at the
tandard resolution of 720 � 480.
The system was flown on a Beech King Air at an

ltitude of 150 m and at a speed of 65 ms�1. Several
asses were made over Kitoi Bay near the fish hatch-
ry. The lidar settings were changed for each pass.
uring each pass over the bay, the aircraft was flying

evel, and the lidar was pointing straight down.
At the flight altitude, the image area on the surface
as approximately 3.75 m � 2.81 m. The resulting
ixel resolution was 0.52 cm � 0.59 cm. The digital
mages were resampled to 640 � 480 pixels to achieve
he normal video aspect ratio of 4�3 with square pix-
ls and a resolution on the surface of �0.59 cm in both
imensions. Resampling was accomplished by aver-
ging the two or three original pixels that overlapped

ltering with a filter size of 5 � 5 pixels.
20 February 2004 � Vol. 43, No. 6 � APPLIED OPTICS 1419
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ach resampled pixel, with each weighted according
o the amount of overlap.

. Results

igure 2 shows a typical image of a group of salmon.
n this case the exposure time was 20 ns. The depth
f the illumination, set to a point where laser glints
rom the surface were not visible, is estimated to be
pproximately 3 m below the surface. Individual
sh are easily resolved, and pectoral fins can be seen
n some. Note that some of the fish, like the one
abeled �a�, look smaller and clearer than the others.
t is likely that these fish are closer to the surface
han those that appear larger and less distinct.

There are two different effects that would cause the
eeper fish to appear less distinct. One is distortion
aused by surface waves. The wind at the aircraft
ltitude was �10 m s�1 from the west. The bay was
heltered, however, and the surface in this region
ppeared almost smooth with no breaking waves.
rom Fig. 2 we estimate the resolution of the blurrier
sh to be approximately 2 cm. If we assume that
hese fish are no deeper than 1 m �see Fig. 4�, we can
stimate the root-mean-square �rms� angular distor-
ion to be �20 mrad. Because the angular deviation
f a vertical ray is �0.75 of the surface slope, we
ould estimate the rms surface slope to be �27 mrad.
his level of surface roughness can be produced by
ery light ��1 m s�1� winds.18,19

Fig. 6. Image shown in Fig. 2 after the closin
420 APPLIED OPTICS � Vol. 43, No. 6 � 20 February 2004
The other possible cause of the blurring is scatter-
ng of the laser light in the water. The attenuation
f our beam was measured to be �0.2 m�1, of which
bsorption accounts for at least 0.05 m�1—and prob-
bly more.20 This implies that only approximately
0%–15% of the light will be scattered between a fish
t a depth of 1 m and the surface. The light that is
cattered will likely have an rms angular deviation
reater than 20 mrad,20 so the deeper fish would have
clear outline from the unscattered light, but re-

uced contrast from the scattered light. We con-
lude that the surface roughness effect is probably
esponsible for the blurring of the deeper-fish images.

Figure 3 is an example in which the depth was
educed by �1 m and the exposure time was in-
reased to 100 ns. The longer exposure time made
ittle difference. The attenuation is so great in these
aters that the exposure is almost completely deter-
ined in the first 20 ns. The shallower depth set-

ing in places produces glints from the surface.
hese appear in the image as completely white re-
ions. Note that these glints are not caused by the
eak of the pulse hitting the surface but by the tail of
he pulse after the peak. At this point most of the
aser energy is still below the fish, which still appear
s shadows. To obtain direct illumination of the
almon, we would need to use a much shorter pulse so
hat the depth could be decreased without causing
ontamination from surface glints.

rator is applied with a 9-pixel-diameter disk.
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The result of the profiling lidar from the fish shown
n Fig. 2 is presented in Fig. 4, in which warm colors
yellow, orange, and red� represent higher return
ower. In this figure the lidar signal was corrected
or depth with the average lidar attenuation coeffi-
ient measured across the bay of 0.2 m�1. The fish
re in schools very close to the surface. The dark-
lue-to-green return below �2.5 m and extending
own to 20 m represents the bottom of the bay. In
ddition to providing a surface reference, the profil-
ng portion of the lidar provides the thickness of the
sh layer so that we can make the camera gate deep
nough to capture all of the fish. This figure also
emonstrates another advantage of using the cross-
olarized return. If the copolarized return were
sed, it would be difficult to separate the specular
urface reflection from the scattering from very shal-
ow fish. The cross-polarized receiver suppresses
he surface reflection so that fish can be detected all
he way up to the surface.

There are a variety of image-processing techniques
hat can be applied to these images. There are two
easons that one might want to apply image process-
ng. The first is to improve the appearance of the
mages for easier visual identification. The second
s to prepare the images for automatic counting. We
onsider three of the most common processing tech-
iques and examine the results of each using the

mage shown in Fig. 2. Fish �a� in this figure is used

Fig. 7. Image Fig. 2 after the opening op
s the basis for image processing. It is �64 pixels
ong and �13 pixels wide, which corresponds to a size
f 38 cm � 8 cm.
One of the simplest techniques is to apply a median

lter to the image to reduce the level of background
oise. In this filter, each pixel is replaced by the
edian value of a square region of the image, cen-

ered on the pixel under consideration. The size of
hat filter should be such that it reduces the back-
round noise as much as possible without overly blur-
ing the images of the fish. Figure 5 shows the
esult of applying a median filter with a width of 5
ixels. The noise level has been significantly re-
uced, but the appearance of the fish has not
hanged. This type of processing would make visual
dentification easier. Increasing the filter size be-
ins to blur the image and makes identification more
ifficult.
A slightly more complex filter applies a closing or

n opening operator21 to the image. The closing op-
rator is a dilation operator followed by an erosion
perator. The dilation operator replaces each pixel
y the local maximum over some predefined region
round it, and the erosion operator replaces each
ixel by the local minimum. The effect of the closing
perator is to eliminate small bright features in the
mage without distorting the shape of larger features.
n Fig. 6 we apply a closing operator by using a disk
ith a diameter of 9 pixels as the predefined region.

r is applied with a 9-pixel-diameter disk.
20 February 2004 � Vol. 43, No. 6 � APPLIED OPTICS 1421



A
o
a

l
e
7
d
b
s
i
e

b
n
fi
v
i
T
i
t
a
�
a
w

c
t
l

i
h
f
a
fi
b
s
w
t
w
u
0
o
fi

i
c
i
c
w
t
t
m
w
a

atch

1

comparison of Figs. 5 and 6 shows that the closing
perator tends to expand the outline of the fish im-
ges, making them appear larger.
The opening operator is an erosion operator fol-

owed by a dilation operator, the effect of which is to
liminate small dark features in the image. In Fig.
, we apply an opening operator with the same pre-
efined region. This operator tends to fill in the
ackground around the fish, making them appear
maller. This makes the individual fish easier to
dentify and is probably preferable to the closing op-
rator for this application.
A more complex filtering process can be performed

y use of matched-filter processing. In this tech-
ique we calculate the convolution of the image and a
lter element to create the filtered image. This con-
olution will have the highest values where the orig-
nal image most closely matches the filter element.
his technique does not produce images that are eas-

er to identify visually. It is generally used for au-
omatic detection of features and might be used for
utomatic fish counting. We based the filter on fish
a�, which we model as an ellipse that is 64 pixels long
nd 13 pixels wide. The filter element itself is unity
ithin this ellipse and zero outside it.
Figure 8 shows the result of the matched-filter pro-

essing when the elliptical filter is oriented horizon-
ally. The result is a bright elliptical shape at the
ocation of fish �a� and at several other points in the

Fig. 8. Image shown in Fig. 2 after m
422 APPLIED OPTICS � Vol. 43, No. 6 � 20 February 2004
mage where there are fish that are oriented nearly
orizontally. Most of the fish are oriented at �45°
rom horizontal, and these appear as indistinct light
reas in the processed image. In Fig. 9 we align the
lter to 45° from horizontal. In this image fish �a�
ecomes indistinct, but most of the fish are repre-
ented by bright ellipses. Applying the same filter
ith different orientations produces filtered results

hat are largest when the fish is most closely aligned
ith the filter. Full matched-filter processing might
se orientations spaced by 5° or 10° over the range of
° to not quite 180°, but the results from these other
rientations are not presented because most of the
sh are near the 45° orientation.
To qualitatively estimate the effects of various

mage-processing techniques, we calculated the
ontrast-to-noise ratio �CNR� from two regions of the
mage. The first region was a 25 pixel square in the
enter of the fish labeled �b� in Fig. 2, and the second
as a 900 pixel square in the background region just

o the right of that fish. For the background region,
he signal-to-noise ratio, defined as the ratio of the
ean to the standard deviation of the pixel values
ithin that region, was 4.2. The CNR was defined
s

CNR �
�	F � 	B�

�
 2 � 
 2�1�2 , (1)

ed filtering with a horizontal ellipse.
F B



w
b
i
r
d
o
t

4

I
I
r
c
l
s
fi

t
t
t
fi
i
w
fi
o
u
o

m
f
o
t
t
C
c
r
m

W
d
E
A
o
w
fi
F

lteri
here 	 is the mean pixel value in the region denoted
y the subscript F for fish or B for background and 
2

s the variance of pixel values in the region. The
esults are presented in Table 1. Image processing
efinitely improves the CNR by almost a factor of 5
ver that calculated for the appropriate matched fil-
er.

. Conclusions

ndividual salmon can be imaged by use of a gated
CCD camera with laser illumination. Very high
esolution can be achieved, even in fairly turbid
oastal waters. An important component of such a
idar system is a profiling receiver, which provides a
urface reference and measures the thickness of the
sh layer. A variety of standard image-processing

Table 1. CNR for the Fish Labeled B in Fig. 2 and the Same Fish
after Various Image-Processing Operations

Image Processing
Figure

Number CNR

Original 2 3.4
Median filter 5 7.5
Opened 7 8.3
Closed 6 9.1
Matched filter �0°� 8 14.4
Matched filter �45°� 9 16.4

Fig. 9. Image shown in Fig. 2 after matched fi
echniques can be used to improve the contrast of
hese images relative to the noise level. Some of
hese techniques can be used to facilitate the identi-
cation of fish in the image. It appears that discrim-

nation among salmon and other large fish in these
aters is possible based on the shape and size of the
sh in the images. Discrimination among the vari-
us salmon species can be achieved in most cases by
se of the size of the fish and the location and timing
f the return as indicators.
Once the species is known, processing—especially
atched filtering—can be used to prepare the images

or possible automatic counting of fish. The devel-
pment of automatic counting procedures is beyond
he scope of this work. However, it is safe to say that
he ultimate performance measure would not be the
NR, but the accuracy with which such a system
ould produce a census of the salmon in a particular
egion. An evaluation of this accuracy will require
uch more data.

This work was partially supported by the Prince
illiam Sound Oil Spill Recovery Institute in Cor-

ova, Alaska. The camera system was on loan from
velyn Brown at the University of Alaska Fairbanks.
ircraft support was provided by Airborne Technol-
gies, Incorporated of Wasilla, Alaska. The mission
as flown by Phil Johnson. We were directed to the
sh by Kevin Brennan of the Alaska Department of
ish and Game.

ng with an ellipse rotated 45° from horizontal.
20 February 2004 � Vol. 43, No. 6 � APPLIED OPTICS 1423
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